A dysfunctional striatum is thought to contribute to neurodevelopmental disorders such as ADHD, Tourette's syndrome and OCD. Insight into these disorders is reliant on an understanding of the normal development of the striatal cellular and circuit properties. Here we combined whole-cell patch-clamp electrophysiology and anatomical reconstructions of D1 and D2 striatal projection neurons (SPNs) in brain slices to characterize the development of the electrophysiological and morphological properties as well as their long-range and local inputs during the first three postnatal weeks. Overall, we find that many properties develop in parallel but we make several key observations. Firstly, that the electrophysiological properties of young D1 SPNs are more mature and that distinctions between D1 and D2 SPNs become apparent in the second postnatal week. Secondly, that dendrites and spines as well as excitatory inputs from cortex develop in parallel with cortical inputs exhibiting a prolonged period of maturation involving changes in postsynaptic glutamate receptors. Lastly, that initial local connections between striatal SPNs consist of gap junctions, which are gradually replaced by inhibitory synaptic connections. Interestingly, relative biases in inhibitory synaptic connectivity seen between SPNs in adulthood, such as a high connectivity between D2 SPNs, are already evident in the second postnatal week. Combined, these results provide an experimental framework for future investigations of striatal neurodevelopmental disorders and show that many of the cellular and circuit properties are established in the first and second postnatal weeks suggesting intrinsic programs guide their development.
Introduction
The striatum is the main input nucleus of the basal ganglia and consists of two populations of projection neurons with distinct long-range outputs: the D1-expressing direct pathway spiny projection neurons (SPNs) and the D2-expressing indirect pathway SPNs (Day et al., 2008; Gertler et al., 2008) that can differentially regulate motor behavior (Graybiel et al., 1994; Grillner et al., 2005; Yin & Knowlton, 2006; Kravitz et al., 2010; Tecuapetla et al., 2016) . Adult D1 and D2 SPNs exhibit distinct electrical and morphological properties (Gertler et al., 2008 ) and form precise nonrandom local synaptic connections with each other (Taverna et al., 2008; Planert et al., 2010; Cepeda et al., 2013) . Imbalances in the activity of the two pathways is thought to contribute to the cognitive and motor symptoms seen in late onset neurodegenerative disorders such as Parkinson's disease (Taverna et al., 2008 ) and Huntington's disease (Cepeda et al., 2013) , but also those seen in early onset neurodevelopmental disorders such as Tourette's syndrome (McNaught & Mink, 2011; Albin, 2018) , OCD (Graybiel & Rauch, 2000; Langen et al., 2011) , ADHD (Del Campo et al., 2011) and autism spectrum disorders (Shepherd, 2013) . The cellular and neural circuit changes that underpin these neurodevelopmental disorders are major research areas. Although seminal papers have started to shed light on early postnatal striatal development Dehorter et al., 2011; Kozorovitskiy et al., 2012; Peixoto et al., 2016) many aspects of D1 and D2 SPN development have remained unstudied.
A combination of whole-cell patch-clamp electrophysiology and anatomical analysis in mouse brain slices allowed for the investigation of the cellular and circuit properties of striatal D1 and D2 SPNs at three key developmental time periods. These include postnatal day 3 to 6 (P3-6): this is the period when most striatal SPNs have been born but excitatory synaptic input to the striatum is thought to be minimal and mouse pups produce little movement, P9-12: when excitatory synaptic inputs to the striatum are thought to have undergone a period of rapid maturation and motor competence of the pups has increased and finally P21 and older (P21+): when the striatal neurons and the circuit are approaching maturity and mice readily traverse the environment Khazipov et al., 2004; Dehorter et al., 2011; Kozorovitskiy et al., 2012; Peixoto et al., 2016) . Firstly, we find that young D1 SPNs are electrophysiologically more mature than D2 SPNs and that intrinsic electrophysiological differences between D1 and D2 SPNs are already apparent during the second postnatal week. Secondly, we find that the dendrites and spines of D1 and D2 SPNs develop in parallel during the first postnatal weeks. Thirdly, we find that excitatory cortical synapses are functional in the first postnatal week and are equally sampled by D1 and D2 SPNs. Further maturation of excitatory inputs occurs in parallel including a progressive increase in AMPA receptor-mediated currents. Finally, simultaneous quadruple patch-clamp recordings allowed for the investigation of local connections between developing SPNs. This reveals that in the first postnatal week SPNs form gap junctions with each other unbiased to SPN type and that D1 SPNs are the first to form inhibitory synapses with other SPNs. In the second postnatal week gap junction incidence has halved and all SPNs are increasingly forming inhibitory synaptic connections with each other. Interestingly, the synaptic connections are precise and non-random with the majority of synaptic connections formed between D2 SPNs. Indeed, the relative biases in synaptic connectivity found in adulthood are already apparent in the second postnatal week. Together, these results suggest that many of the striatal cellular and circuit properties are already established before mice receive sensory input (Tobach et al., 1971) or are freely exploring the environment (Dehorter et al., 2011) suggesting a major role for intrinsic developmental programs.
Results

Development of the electrophysiological properties of D1 and D2 SPNs
We first investigated the development of intrinsic electrophysiological properties of striatal D1 and D2 SPNs and their ability to initiate action potentials using whole-cell current-clamp recordings of SPNs in mouse brain slices at postnatal (P) day 3-6, P9-12 and P21 and older (Fig. 1A) . Mice consisted of heterozygous D1 and D2-GFP mice and wildtype C57/BL6 mice (see Methods) and we therefore always included biocytin in the intracellular solution, followed by immunocytochemistry for CTIP2 and PPE (Gerfen et al., 1990; Arlotta et al., 2008) to confirm, whenever possible, whether we recorded from D1 or D2 SPNs (Fig. 1B) . Hyperpolarizing and depolarizing current steps were injected into the recorded SPNs to characterize their electrophysiological properties (Fig. 1C and Table1) . Firstly, we find that in the earliest postnatal period (P3-6) most SPNs (83.0%) are already able to initiate small amplitude action potentials (Fig. 1C) . We find that the D1 SPNs exhibit subtle but significant maturational differences consistent with their suggested earlier birthdate (Marchand & Lajoie, 1986; van der Kooy & Fishell, 1987; Kelly et al., 2018) , including relatively larger and narrower action potentials (D1 amplitude first spike: 48.4 ± 2.5 mV and D2 amplitude first spike: 40.7 ± 2.3 mV, D1 amplitude second spike: 35.6 ± 3.1 mV and D2 amplitude second spike: 25.7 ± 2.9 mV, D1 first spike duration: 4.6 ± 0.3 ms and D2 first spike duration: 5.5 ± 0.3 ms, D1 second spike duration: 6.4 ± 0.5 ms and D2 second spike duration: 9.1 ± 1.0 ms, p=0.028, p=0.023, p=0.038 and p=0.015, t-test, D1 n=60 and D2 n=49, Fig. 1D and Table1). These differences are transient and in later stages all SPNs generate large amplitude and narrow action potentials (Table1). Secondly, we find that the passive membrane properties gradually change and include the emergence of a pronounced inward rectifying current at later developmental stages (Fig. 1E) . Thirdly, we find we can elicit higher frequencies of action potentials as the SPNs mature using a range of depolarizing current steps chosen to allow sufficient depolarization of SPNs beyond spike threshold taking in consideration developmental changes in input resistance (D1; P3-6: 8.2 ± 1.0 Hz, P9-12 13.6 ± 1.1 Hz and P21+: 28.0 ± 3.4 Hz; P3-6 vs P9-12: p=0.00043 and P9-12 vs P21+: p=0.00013, Mann-Whitney U test, and D2; P3-6: 8.6 ± 1.2 Hz, P9-12 16.8 ± 0.9 Hz and P21+: 36.1 ± 3.7 Hz; P3-6 vs P9-12: p=6.23E-7 and P9-12 vs P21+: p=2.85E-8, Mann-Whitney U test, Fig. 1F and G, Table1). Maturational and intrinsic differences in electrophysiological properties of D1 and D2 SPNs (A) Whole-cell patch-clamp recordings were made from spiny projection neurons (SPNs) in acute coronal brain slices of mice at three different time periods; Postnatal (P)3-6, P9-12 and P21 and older. (B) Internal recording solutions included biocytin allowing for posthoc confirmation of SPN type using immunocytochemistry for the SPN marker CTIP2 (chicken ovalbumin upstream promoter transcription factor-interacting protein-2) and D2 SPN marker PPE (preproenkephalin). Note the example P3-6 SPN is PPE-negative and CTIP2-positive, corresponding to a putative D1 SPN (in orange), whereas the example SPNs for both P9-12 and P21+ are PPE-positive and CTIP2-positive, corresponding to putative D2 SPNs (in blue). (C) Hyperpolarizing and depolarizing current steps were used to characterize the electrophysiological properties of SPNs. We find that the majority of P3-6 SPNs are able to generate small action potentials. (D) Action potential duration is significantly shorter for D1 SPNs at P3-6. (E) As the SPNs mature, a pronounced inward rectifying current develops. (F, G) Whereas in the first postnatal week both D1 and D2 SPNs exhibit a similar action potential frequency, at later stages in development the D2 SPNs start exhibiting a significantly higher action potential frequency, which persists into adulthood. (H) The resting membrane potential becomes progressively more hyperpolarized as SPNs mature. Note the consistently more depolarized potential of the D2 SPNs relative to the D1 SPNs. (I) The input resistance decreases as SPNs mature. Note the consistently higher input resistance of the D2 SPNs relative to the D1 SPNs.
We find that the D2 SPNs consistently exhibit a higher firing frequency at later developmental stages (P9-12 at 80 pA; D1: 13.6 ± 1.1 Hz and D2: 16.8 ± 0.9 Hz, P21+ at 400 pA; D1: 28.0 ± 3.4 Hz and D2: 36.1 ± 2.7 Hz, p=0.024 and p=0.046, ttest, Fig. 1F and G, Table1). The higher action potential frequency seen during later developmental stages is likely aided by the consistently more depolarized membrane potential (P9-12; D1: -71.0 ± 0.9 mV and D2: -67.6 ± 0.8 mV, p=0.004 and p21+; D1: -81.4 ± 0.7 mV and D2: 78.1 ± 1.3 mV, p=0.032, t-test, Fig. 1H ) and their higher input resistance D1: 407.8 ± 21.5 MΩ and D2: 322.4 ± 25.4 MΩ, p=0.001 and P21+; D1: 86.2 ± 7.8 MΩ and D2: 114.1 ± 14.4 MΩ, p=0.048, , Fig. 1I ) of the D2 SPNs.
In conclusion, we find that most D1 and D2 SPNs are able to generate action potentials shortly after birth. Maturational differences can be seen early on including narrower and larger action potentials in the D1 SPNs, which disappear soon after. Furthermore, significant differences in the intrinsic membrane properties can already be observed in the second postnatal week, which persist into adulthood and include a higher excitability and action potential frequency of the D2 SPNs.
Development of dendritic morphological properties of D1 and D2 SPNs
We next investigated the development of the dendritic morphology of SPNs allowing them to receive and process excitatory and inhibitory inputs. The addition of biocytin in internal recording solutions allowed for subsequent DAB immunohistochemistry and reconstruction of dendritic arbors of previously recorded neurons ( Fig. 2A) . We find that the dendritic length of both D1 and D2 SPNs more than doubles (from ~700 µm to ~1800 µm) as the neurons mature (D1; P3-6: 698.4 ± 97.6 µm, P9-12: 1556.1 ± 181.6 µm and P21+: 1907.63 ± 166.5 µm, p=0.00022 and p=0.164, Mann-Whitney U test, n=21, 10 and 19 and D2; P3-6: 757.4 ± 119.0 µm, P9-12: 1350.1± 83.9 µm and P21+: 2109.7 ± 124.3 µm, p=0.00088 and p=0.00031, Mann-Whitney U test, n=22, 13 and 28; Fig. 2B ), but we find no significant difference in the length of the dendritic arbor between the D1 and D2 SPNs at the various ages (P3-6: p=0.827, P9-12: p=0.738 and P21+: p=0.269; Mann-Whitney U test). This increase in dendritic arbor was concomitant with a significant increase in distal dendritic complexity allowing the SPNs to sample larger and extensive regions of striatum (P3-6 vs P9-12: F(17, 691)=8.98, p=2.85E-21 and P9-P21 vs P21+: F(22,1078)=4.136, p=7.02E-10, ANOVA) but similarly no significant differences were observed between the D1 and D2 SPNs at the various ages (P3-6: p=0.816, P9-12: p=0.091 and P21+: p=0.235, ANOVA; Fig. 2C ). The orientation of the dendritic branches of both D1 and D2 SPNs exhibited a predominantly radial morphology from birth onwards but we observed a preferred lateral-ventral to a medial-dorsal orientation ( Fig. 2A and D) . The examples shown and all reconstructed and analyzed neurons are from coronal sections and are aligned such that top is dorsal, bottom is ventral, left is lateral and right is medial. (B) D1 (orange) and D2 SPNs (blue) exhibit a significant and similar increase in their dendritic length as they mature (C) Scholl analysis of dendritic complexity of D1 and D2 SPNs reveals a similar elaboration of distal dendritic segments as they mature. (D) Polarity analysis of dendrites of D1 and D2 SPNs reveal a mostly uniform and radial distribution of their dendrites. Note the bias to extend dendrites from lateral-ventral aspects to medial-dorsal aspects. (E) Spine density of D1 and D2 SPNs at different ages. Note the similar increase in spine density in both D1 and D2 SPNs as they mature.
Lastly, we investigated the density of dendritic spines on primary, secondary and tertiary dendritic branches on both D1 and D2 SPNs at the three ages (Fig. 2E) . Whereas we see a significant increase in the average spine density (per µm of dendrite) as the neurons mature (D1; P3-6: 0.13 ± 0.01, P9-12: 0.19 ± 0.02 and P21+: 0.30 ± 0.02, p=0.02 and p=0.0006, Mann-Whitney U test, n=8, 8 and 10 and D2; P3-6: 0.13 ± 0.02, P9-12: 0.18 ± 0.01 and P21+: 0.30 ± 0.02, p=0.008 and p=0.0002, Mann-Whitney U test, n=10, 11 and 18), we did not see a significant difference between the D1 and D2 neurons at the various ages (p>0.05).
In conclusion, we find that the development of the morphology of the D1 and D2 SPNs run in parallel with no observed differences in the development of their dendritic arbors or spine density.
Maturation of excitatory and inhibitory synaptic inputs onto SPNs
Our results so far suggest that the D1 and D2 SPNs are already able to initiate action potentials during the first postnatal week and that the development of their dendritic arbors and spines develops mostly in parallel allowing them to sample excitatory and inhibitory inputs from nearby axons. We next characterized the development of the functional synaptic inputs to the SPNs by performing whole-cell voltage-clamp recordings of SPNs in the presence of TTX (1 µM). This allowed us to record spontaneous miniature excitatory postsynaptic currents (mEPSCs) by holding the SPN membrane voltage at -70 mV (Fig. 3A) and spontaneous miniature inhibitory postsynaptic currents (mIPSCs) by holding the SPN membrane voltage at 0 mV ( Fig.  3D ). Our first observation is that excitatory inputs as mEPSCs can be detected as early as P3-6 in both D1 and D2 SPNs (Fig. 3A, B ) and although there is a trend towards an increase across developmental time (P3-6: 0.85 ± 0.10 Hz and p21+: 1.01 ± 0.09 Hz, p=0.319, Mann-Whitney U test, n=15 and n=22, Fig. 3B ) their frequency is already close to that seen in adulthood (~1 Hz). In contrast, we find that the mEPSC amplitude significantly increases for both D1 and D2 SPNs from P3-6 to P9-12 (D1; P3-6: 3.40 ± 0.40 pA to D1: P9-12: 8.38 ± 0.64 pA and D2; P3-6: 3.29 ± 0.74 pA to D2: P9-12: 7.68 ± 0.49 pA; p=0.005 and p=0.003, Mann-Whitney U test, both n=5 and n=7; Fig. 3C ) after which it stays constant. We did not find significant differences in either the mEPSC frequency or amplitude between the D1 and D2 SPNs at any of the age ranges investigated (p>0.05). These results suggest that excitatory inputs are present and functional soon after birth and develop in parallel and similarly innervate both D1 and D2 SPNs with pronounced postsynaptic changes occurring between P3-6 and P9-12. The response of SPNs to excitatory input is modulated by concurrent inhibitory inputs that they might receive. We next investigated the development of inhibitory synaptic inputs onto SPNs as reflected in the frequency and amplitude of mIPSCs. We find that both D1 and D2 SPN receive inhibitory synaptic input starting from P3-6 onwards ( Fig. 3D, E) . However, the frequency of the mIPSCs at this age range is comparatively low at ~0.1 Hz and exhibits a steady increase across all three age ranges (D1; P3-6: 0.10 ± 0.02 Hz, P9-12: 0.35 ± 0.05 Hz and P21+: 0.68 ± 0.08 Hz; p=0.005 and p=0.013, Mann-Whitney U test, n=5, 7 and 8 and D2; P3-6: 0.14 ± 0.02 Hz, P9-12: 0.30 ± 0.04 Hz and P21+: 0.63 ± 0.15 Hz; p=0.018 and p=0.048, MannWhitney U test, n=5, 7 and 6; Fig. 3E ). Similar to the mEPSC amplitude, we find that the mIPSC amplitude also exhibits a significant increase from P3-6 to P9-12 (D1; P3-6: 3.19 ± 0.60 pA and P9-12: 7.17 ± 0.57 pA and D2; P3-6: 2.79 ± 0.42 pA and P9-12: 6.93 ± 0.59 pA; p=0.003 and p=0.01, Mann-Whitney U test, both n=5 and n=7; Fig. 3F ) after which it does not further increase. These results suggest that functional excitatory and inhibitory synaptic inputs are present during the first postnatal week and similarly develop for both the D1 and D2 SPNs. Moreover, they suggest that between the first and second postnatal weeks substantial postsynaptic changes occur as reflected in the increased mEPSC and mIPSC amplitudes. Whereas the frequency of mEPSCs stays relatively constant, we find that the mIPSC frequency increases over time suggesting a prolonged presynaptic development of inhibitory inputs.
Maturation of long-range cortical excitatory synapses on striatal SPNs
The main excitatory afferents to striatal SPNs arise from neurons located in the cortex and thalamus (Kemp & Powell, 1971; Buchwald et al., 1973; Smith et al., 2004) and anatomical work suggests their axons and synapses are present in the striatum early on in development (Nakamura et al., 2005; Sohur et al., 2012) but when and to what extent they are sampled by D1 and D2 SPNs is unknown. We performed whole-cell patch-clamp recordings of identified SPNs in the dorsal striatum and activated excitatory afferents from cortex by giving single and trains of stimulation via a Tungsten bipolar stimulating electrode placed in the external capsule (Fig. 4A) . Firstly, we find that not all SPNs at P3-6 receive cortical excitatory synaptic inputs whereas those at P9-12 and older all did (P3-6; D1: 75% and D2: 71%, n=9 and n=10, Fig. 4B ). For all the SPNs that do receive an input we find that across a wide range of stimulation strengths (range 20-220 µA) both the D1 and D2 SPNs receive similar amplitude EPSPs at all three age ranges (P3-6: F (1, 83) = 0.012, p=0.918, P9-12: F (1, 94) = 0.262, p=0.610 and P21+: F (1, 51) = 1.414, p=0.240). Similarly, comparing the maximum EPSP amplitudes that we could elicit in SPNs across the age ranges shows relatively stable EPSP amplitudes (P3-6: 2.86 ± 0.68 mV, P9-12: 3.51 ± 0.83 mV and P21+: 3.54 ± 0.73 mV, P3-P6 vs P21+, p=0.129, Mann-Whitney U test, n=19, 20 and 17, Fig. 4C ). However, when we record in voltage-clamp mode (at -75 mV) we find a robust increase in elicited EPSC amplitude (P3-6: 24.10 ± 6.61 pA, P9-12: 31.18 ± 11.87 pA and P21+: 73.42 ± 12.01 pA, P3-6 vs P21+, p=0.001 and P9-12 vs P21+, p=0.017, Mann Whitney test, n=14, 10 and 29, Fig. 4C ) suggestive of a progressive strengthening of corticostriatal synapses. Note also that ~70% of SPNs exhibited a response at P3-6 whereas they always exhibited a response at later age ranges. (C) Bar plot of the maximum evoked EPSP amplitude across the three age ranges which remains relatively constant at ~3 to 4 mV (top). Bar plot of EPSC amplitude shows an increase in the cortically evoked excitatory current (bottom). (D) Bar plot of the NMDA/AMPA receptor ratio across the age ranges. Note the significant decrease in the ratio as the neurons mature (top), which occurs in parallel for both D1 and D2 SPNs (bottom). (E) Bar plot of the NMDA receptor-mediated current (top) and AMPA receptor-mediated current (bottom) suggesting the change in NMDA/AMPA ratio is a reflection of a significant increase in the AMPA receptor-mediated current. (F) Graphs of the EPSP amplitude across 10 stimulations at 20Hz showing that corticostriatal synapses at D1 and D2 SPNs predominantly exhibit short-term depression at all three age ranges with corticostriatal synapses on D2 SPNs exhibiting more pronounced depression than those onto D1 SPNs at P21+. (G) Barplots of the combined second and third normalized EPSP amplitude for the D1 (top) and D2 (bottom) SPNs. Note that the short-term plasticity at corticostriatal synapses onto D1 SPNs progressively change to neutral / facilitating across development which is not observed for the D2 SPNs.
Indeed, an increase in amplitude of the evoked excitatory response could be the result of changes in postsynaptic glutamate receptors. We next investigated the contribution of both NMDA and AMPA glutamate receptors to the cortically evoked excitatory responses at these different age ranges. Evoked excitatory events were recorded from SPNs in whole-cell voltage-clamp mode at a holding potential of +50 mV and consisted of combined NMDA and AMPA receptor-mediated currents (Fig. 4D) . After baseline recording, d-AP5 (50 µm) was bath applied to block the NMDA receptor-mediated currents, thereby isolating the AMPA receptor-mediated component. Analysis of the ratio of peak amplitude NMDA and AMPA receptormediated currents showed a gradual and progressive decline in the NMDA/AMPA receptor ratio across developmental time (P3-6: 2.73 ± 0.45, P9-12: 2.08 ± 0.25 and P21: 1.43 ± 0.21, P3-6 vs P21+: p=0.046, Mann-Whitney U test, n=21, n=23 and n=17, Fig. 4D ) similarly for both the D1 and D2 SPNs (Fig. 4D and Table 2 ). This change in the NMDA/AMPA receptor ratio is reflected in a progressive increase in AMPA receptor-mediated current (P3-6: 12.37 ± 3.05 pA, P9-12: 15.45 ± 3.77 pA and P21+: 19.31 ± 3.41 pA, P3-6 vs P21+: p=0.039, Mann-Whitney U test, n=21, n=23 and n=17) whereas the NMDA receptor-mediated current does not change significantly (P3-P6: 22.62 ± 5.51 pA, P9-12: 31.35 ± 7.69 pA and P21+: 26.72 ± 8.41 pA, P3-6 vs P9-12: p=0.562, P3-P6 vs P21+: 0.750, Mann-Whitney U test, n=21, n=23 and n=17, Fig. 4E ).
Changes in postsynaptic ionotropic glutamate receptors are predicted to change the EPSP kinetics (Seeburg, 1993) . Indeed, we find a faster rise time, decay time and duration of EPSPs at P21+ as compared to P3-6 (see Table 2 ). Interestingly, we find a transient phase at P9-12 where the EPSP duration is markedly longer than at the other ages (All SPNs; P3-6: 164.07 ± 21.25 ms, P9-12: 201.82 ± 12.53 ms and P21+: 118.42 ± 11.92 ms; P3-6 vs P9-12: p=0.046 and P9-12 vs P21+: p=0.00012, MannWhitney U test n=19, 20 and 17) as a result of a longer decay time of the EPSP (All SPNs; P3-6: 81.14 ± 9.66 ms, P9-12: 103.55 ± 7.29 ms and P21+: 58.72 ± 5.92 ms; P3-6 vs P9-12: p=0.046 and P9-12 vs P21+: p=0.00015, Mann-Whitney U test n=19, 20 and 17, Table 2 ) consistent with previous observations suggesting a transient expression of NR2C/D subunit containing NMDA receptors with longer kinetics (Monyer et al., 1994; Dehorter et al., 2011) . Lastly, we investigated the short-term plastic properties of the cortical synapses on SPNs using trains of electrical stimulation (10 pulses at 20 Hz). We find that cortical synapses are predominantly depressing at all developmental ages and are more depressing for D2 SPNs at P21+ (P3-6: F (1, 210) = 2.594, p=0.109, P9-12: F (1, 289) = 0.736, p=0.392 and P21+: F (1, 358) = 5.642, p=0.018, Fig. 4F) . Indeed, when we compare the short-term plasticity of the combined second and third normalized EPSP amplitude across the age ranges we observe a progressive change from depressing towards neutral or facilitating for D1 SPNs whereas synapses onto D2 SPNs remain depressing (Fig. 4G) . Combined, these results suggest that the excitatory cortical inputs to D1 and D2 SPNs are functional in the first postnatal week and develop in parallel including a progressive strengthening of corticostriatal synapses through an increase in AMPA receptor-mediated transmission.
Maturation of local inhibitory synaptic connections between striatal SPNs
Our data so far suggests that the majority of D1 and D2 SPNs sample excitatory input from cortex and are able to generate action potentials during the first postnatal week. However, the likelihood and timing of action potential generation is under control of local inhibition provided by both lateral inhibitory connections between SPNs as well as input from striatal interneurons (Tepper & Plenz, 2006; Ponzi & Wickens, 2010) . Our analysis of mIPSC frequency would suggest an extended and progressive strengthening of inhibitory inputs across the age ranges. To investigate when SPNs form inhibitory synaptic connections with each other and how these change over development we performed quadruple whole-cell current-clamp recordings of SPNs at the three developmental age ranges (Fig. 5A) including immunocytochemistry (Fig.  5B) and histochemistry (Fig. 5C) as previously described to classify recorded neurons as D1 or D2 SPNs (see Methods). As immature SPNs also form gap junctions with each other we used hyperpolarizing and depolarizing current steps to investigate both gap junctions (Fig. 5D) as well synaptic connections (Fig.  5E) between SPNs. We find that young SPNs form gap junctions with each other early in development (P3-6: 3.5%, n=13/377) but seem to progressively lose these connections and we were unable to detect gap junctions at P21+ (P9-12: 1.9% and P21+: 0%, 8/418 and 0/134, P3-6 vs P21+ p=0.0462, Fisher exact test, Fig. 5F ). The majority of detected gap junctions were symmetrical (P3-6: 76.92% and P9-12: 75%) consistent with previous observations . When we split the data into the various SPN connection groups; D1 to D1, D1 to D2, D2 to D1 and D2 to D2, we find that gap junction incidence does not differ between the various groups (Fig. 5G) but find that consistently the highest gap junction incidence can be found between D2 SPNs (P3-6: 3.45% and P9-12: 1.96%, Fig. 5G ). We did not find significant differences in either the amplitude, rise time, coupling coefficient or junction conductance of gap junctions between the different SPN connection groups ( Table 3) . Although we observed an increase in the junction conductance from P3-6 to P9-12 (P3-6: 327.90 ± 64.56 and P9-12: 1911.85, p=0 .00017, Mann-Whitney U test) the overall strength of the gap junctions and the impact of junctional currents seemed to decrease over time as reflected by a trend towards a decreased coupling coefficient (P3-6: 3.04 ± 0.61 and P9-12: 1.55 ± 0.32, p=0.072, Mann-Whitney U test, n=11 and n=10, Table 3 ) as has been reported for other brain regions (Yu et al., 2012; Belousov & Fontes, 2013) and most likely the result of development changes in SPN resistance and capacitance .
We find that already early in development some SPNs form local inhibitory synapses with each other with a low incidence initially but this progressively increases with age (P3-6: 2.3%, P9-12: 6.9% and P21+: 12.2%, n=9/379, 28/408 and 24/197, P3-6 vs P21+ p=0.0431, Fisher exact test, Fig. 5H ). Several observations can be made. Firstly, the earliest synaptic connections at P3-6 can be found from D1 SPNs to D1 and D2 SPNs (D1 to D1: 3.0% and D1 to D2: 3.3%; n=2/67 and n=2/60, Fig. 5I ) potentially a reflection of their earlier birthdate (Marchand & Lajoie, 1986; van der Kooy & Fishell, 1987; Kelly et al., 2018) as we did not detect any synaptic connections from D2 SPN. Secondly, of all synaptic connections that were found at younger ages, a subset was also connected through gap junctions (P3-6: 33.3% and P9-12: 14.3%). Thirdly, the majority of synaptic connections were unidirectional (P3-6: 88.89%, P9-12: 75.0% and P21+: 68.42%). Fourthly, already at P9-12 the relative incidence and biases in synaptic connectivity seen in adulthood between D1 and D2 SPNs (Planert et al., 2010) can already be found and include a high incidence of synaptic connections between D2 SPNs (P9-P12; D1 to D1: 6.5%, D1 to D2: 5.1%, D2 to D2: 12.8% and D2 to D1: 5.3% n=3/46, n=4/78, 13/102 and 4/76, Fig. 5I) . Indeed, these relative biases in synaptic connections are maintained or further strengthened by P21+ (D1 to D1: 7.1%, D1 to D2: 8.0%, D2 to D2: 21.1% and D2 to D1: 13.9% n=1/14, n=2/25, 12/57 and 5/36, Fig. 5I ) and are consistent with those previously described (Taverna et al., 2008; Planert et al., 2010) . Not only are the D2-D2 SPN connections most numerous at P9-12 and P21+ (P9-12: 12.8% and P21+: 21.1%) they also form the strongest mutual synaptic connections (P9-12: 0.97 ± 0.32 mV and P21+: 0.72 ± 0.28 mV, Table 4 ) as found by others also (Planert et al., 2010) . We do not find significant differences in other properties of the synaptic connections between the different SPN types (Taverna et al., 2008) or across the age ranges (Table 4) . Lastly, we looked at the short-term plastic properties of the inhibitory synaptic connections and find that these become depressing as the synapses mature suggesting a progressive increase in release probability (F(1, 132)=14.85, p=0.00018, Fig. 5J ).
In conclusion, these results show that as the striatal circuit matures, both D1 and D2 SPNs gradual replace their gap junctions with precise local inhibitory synaptic connections. Indeed, they reveal that biases in inhibitory synaptic connectivity, for example the high incidence of local inhibitory synaptic connections between D2 SPNS, are already apparent in the second postnatal week. Barplot showing a significant decrease in the incidence of detected gap junctions as the SPNs mature (right). (G) Barplots of gap junction incidence between the SPN connection groups across the age ranges. Note the relative uniform incidence of gap junctions in all SPN groups at P3-6 followed by a progressive reduction and absence of detected gap junctions at P21+. (H) Diagram of experimental setup to test for synaptic connections between SPNs (left). Barplot showing a progressive and significant increase in the incidence of detected synaptic connections as the SPNs mature (right). (I) Synaptic connectivity between the SPN connection across the age ranges. Note the earliest appearance of synaptic connections from D1 SPNs at P3-6. At P9-12 synaptic connections between all types of SPNs have appeared and relative biases seen at P21+ are already apparent at this age. (J) Trains of action potentials to presynaptic neurons (6 pulses at 20 Hz) revealed that as SPNs mature the short-term plasticity of their synapses changes from facilitating to depressing.
Discussion
In this paper we describe the developmental trajectory of identified D1 and D2 SPNs from the earliest postnatal period (P3-6) into adulthood (P21+). We find that young D1 SPNs are electrically more mature in the first postnatal week and differences in intrinsic excitability of D1 and D2 SPN become apparent in the second postnatal week and are maintained into adulthood. Secondly, both SPNs exhibit a radial dendritic morphology from birth that develops in complexity in parallel across the age ranges. Thirdly, both excitatory and inhibitory synaptic synapses are functional in the first postnatal week with the inhibitory synaptic inputs exhibiting a comparatively prolonged maturation. Indeed, most SPNs receive long-range excitatory synaptic inputs from cortex during the first postnatal week, which progressively strengthen through postsynaptic glutamate receptor changes. Initially, SPNs communicate locally through gap junctions but increasingly via inhibitory synaptic connections in the second postnatal week. Interestingly, the relative biases in inhibitory connections between D1 and D2 SPNs are already apparent in the second postnatal week and are maintained into adulthood. Overall, we find that the developmental trajectory is similar for both the D1 and D2 SPNs and that many of the mature neuronal and circuit properties are apparent by the second postnatal week suggesting a major role for intrinsic programs in guiding their development.
Intrinsic cellular properties of D1 and D2 SPNs
We find a progressive development of both the intrinsic electrophysiological and morphological properties of the D1 and D2 SPNs. Both are able to generate small immature action potentials during the first few postnatal days and both undergo a progressive decrease in their input resistance, a hyperpolarization of their resting membrane potential (Lieberman et al., 2018) and an increase in their firing frequency (Peixoto et al., 2016) . However, some differences were observed. Initially, the size and duration of the action potentials were more mature for the D1 SPNs, possibly as a result from their suggested earlier birthdate (Marchand & Lajoie, 1986; van der Kooy & Fishell, 1987; Kelly et al., 2018) . Secondly, many of the differences in electrical properties of SPNs, such as the comparatively more depolarized resting membrane potential, higher input resistance and higher firing frequency of D2 SPNs, are already apparent in the second postnatal week and are maintained into adulthood (Gertler et al., 2008; Peixoto et al., 2016; Lieberman et al., 2018) . Morphologically we find that across the age ranges there is a substantial elaboration of the SPN dendritic arbor concomitant with an increase in dendritic spine density occurring in parallel for the D1 and D2 SPNs. We could not morphologically distinguish the D1 and D2 SPNs at any of the ages suggesting that previously described differences (Gertler et al., 2008; Kozorovitskiy et al., 2012) might be due to specifics of age, mouse line or methodology Kramer et al., 2011; Chan et al., 2012; Nelson et al., 2012) . We do find a progressive increase in dendritic spine density consistent with previous studies Tepper et al., 1998) , but an overall lower spine density as compared to 2-photon imaging and serial section EM studies (Ingham et al., 1998; Day et al., 2006; Kozorovitskiy et al., 2012) likely due to our use of DAB immunohistochemistry and occlusion of spines on the top and bottom of dendrites by the DAB reaction product (Ingham et al., 1998; Day et al., 2006) .
Functional excitatory synaptic inputs to D1 and D2 SPNs
We find that already soon after birth excitatory inputs onto SPNs are functional and are able to depolarize both D1 and D2 SPNs. Whereas the frequency of mEPSCs at P3-6 is close to that observed in adulthood we see a dramatic increase in mEPSC amplitude for both D1 and D2 SPNs from the first to second postnatal week, consistent with previous observations (Dehorter et al., 2009; Peixoto et al., 2016) and suggestive of postsynaptic changes. Indeed, in our recordings of electrically evoked corticostriatal responses we find that the majority of D1 and D2 SPNs have functional synapses at P3-6 and both exhibit similar increases in amplitude (Day et al., 2006) . This increase in amplitude correlates with a relative increase in AMPA receptormediated currents and concomitant decrease in the NMDA/AMPA receptor ratio seen in both D1 and D2 SPNs (Colwell et al., 1998; Hurst et al., 2001; Peixoto et al., 2016) . Indeed, such changes in glutamate receptors in this developmental period have been shown to occur at corticostriatal synapses (Dehorter et al., 2009; Peixoto et al., 2016) and in many other brain regions (Lohmann & Kessels, 2014) . Interestingly, these sets of experiments reveal a stable electrically evoked corticostriatal EPSP amplitude in both D1 and D2 SPNs across developmental time , suggesting that dynamic changes in SPNs, such as decreasing input resistance and increased excitatory postsynaptic currents, are balanced and result in a stable excitatory drive to SPNs. We were surprised to see a relatively stable mEPSC frequency despite reported increases in the density of asymmetric glutamatergic synapses during this period (Butler et al., 1998; Tepper et al., 1998) and previous reported increases in EPSC frequency (Peixoto et al., 2016) . Possible explanations for our observations and others (Dehorter et al., 2011) might be biases towards recording mEPSCs mediated by axo-dendritic synapses instead of axospinous synapses, as the density of axo-dendritic synapses remain stable during development , or could result from a dynamic interplay between synapse number and release probability where increases in synapse number are balanced by decreases in release probability. Indeed, the observed changes in the short-term plasticity at D1 SPN corticostriatal synapses are consistent with a decrease in their release probability (Choi & Lovinger, 1997) . One of the other major contributor to our mEPSC measurements originates from excitatory afferents coming from the heterogeneous population of thalamic nuclei (Ellender et al., 2013; Smith et al., 2014) which project to the striatum and are thought to arrive relatively early in development (Nakamura et al., 2005) . When and how these afferents develop and innervate striatal SPNs remains to be investigated.
Local connections between D1 and D2 SPNs
The activity of striatal SPNs and their response to excitatory input is modulated by inhibition coming from local collaterals from neighboring SPNs (Somogyi et al., 1981; Bolam & Izzo, 1988; Taverna et al., 2008; Planert et al., 2010; Cepeda et al., 2013) and striatal interneurons (Tepper & Plenz, 2006; Ponzi & Wickens, 2010) . Measurements of mIPSCs reveal that both D1 and D2 SPNs already receive some inhibitory input in the first postnatal week. The initial frequency of these events is lower than that seen for mEPSCs but progressively increase in the second and third postnatal week as previously observed (Dehorter et al., 2011) . This would suggest that GABAergic synapse density increases well into the third postnatal week. We also observed a dramatic increase in mIPSC amplitude from the first to second postnatal week consistent with a rapid maturation as a result of an increased number (Nusser et al., 1997) and/or changed subunit composition of postsynaptic GABA receptors (Farrant & Nusser, 2005; Arama et al., 2015) . To investigate when and how SPNs start communicating with each other in the striatum and whether the number of synaptic connections does increase we performed simultaneous quadruple whole-cell patch-clamp recordings of SPNs. We find that both D1 and D2 SPNs are mainly connected through gap junctions in the first postnatal week, but both the incidence of gap junctions and their coupling coefficient rapidly decrease and we do not observe gap junctions in adulthood, consistent with previous electrophysiological (Venance et al., 2004; Yu et al., 2012) and dye coupling experiments . These initial gap junctions could facilitate synchronization of SPN activity Hestrin & Galarreta, 2005) and the establishment of synaptic connections (Yu et al., 2012) . The first inhibitory synaptic connections can be detected in the first postnatal week and come from D1 SPNs but in the second postnatal week both D1 and D2 SPNs form inhibitory synaptic connections with each other. Interestingly, the relative biases in connectivity (e.g. the high connectivity probability between D2 SPNs) seen in adulthood in this study and by others (Planert et al., 2010) are already established in the second postnatal week prior to when sensory inputs from afferent structures is thought to have arrived (Tobach et al., 1971; Ko et al., 2013; Mowery et al., 2015; Mowery et al., 2017) .
In conclusion we find that the intrinsic cellular and circuit properties of the D1-expressing direct pathway and the D2-expressing indirect pathway SPNs exhibit many developmental similarities. Nonetheless, mature D1 and D2 SPNs exhibit distinct electrical properties and form precise local inhibitory connections, which we show are already apparent in the second postnatal week before sensory input from afferent structures is thought to have arrived (Tobach et al., 1971; Ko et al., 2013; Mowery et al., 2015; Mowery et al., 2017) . This leaves scope for factors such as intrinsic genetic programs (Arlotta et al., 2008) , spontaneous early network patterns (Khazipov et al., 2004; Hanganu-Opatz, 2010; Dehorter et al., 2011; Ackman et al., 2012) and neuromodulators (Kozorovitskiy et al., 2015; Lieberman et al., 2018) in shaping the development of the D1 and D2 SPNs and might inform future investigations of striatal formation in neurodevelopmental disorders (Graybiel & Rauch, 2000; Del Campo et al., 2011; Langen et al., 2011; McNaught & Mink, 2011; Shepherd, 2013; Albin, 2018) .
Hyperpolarizing and depolarizing current steps were used to assess the intrinsic properties of the recorded SPNs including input resistance and spike threshold (using 1-10 pA incremental current steps) as well as the properties of action potentials (amplitude, frequency and duration). Currents steps were for P3-6: -50pA to +50pA, for P9-12: -100pA to +100pA and for P21+: -500pA to +500 pA. These ranges of currents were chosen to allow sufficient depolarization of SPNs taking in consideration changes in input resistance and observations of depolarization block in SPNs. Miniature EPSCs and IPSCs were recorded in 5 min traces from SPNs held at respectively −75 mV and 0 mV in the presence of 1 µM TTX in the recording aCSF. Activation of excitatory cortical afferents was performed via a bipolar stimulating electrode (FHC Inc., USA) placed in the external capsule in the presence of blockers of inhibitory GABAergic transmission including the GABA A -receptor antagonist SR95531 (1 µM) and the GABA B -receptor antagonist CGP52432 (2 µM). Afferents were activated every 5s with up to 20 repetitions and excitatory postsynaptic currents (EPSCs) and excitatory postsynaptic potentials (EPSPs) were recorded from the patched SPNs. Evoked EPSCs were recorded in whole-cell voltage-clamp mode at a holding potential near −75 mV and evoked EPSPs in whole-cell current-clamp mode at resting membrane potential. Trains of stimulation consisted of nine pulses given at 20 Hz and trains were repeated every 30 s up to 5 times. Combined AMPA and NMDA receptor-mediated currents were recorded from SPNs held at +50 mV. AMPA receptor-mediated currents were recorded after a 5-10 min wash-in of d-AP5 (50 µM). Local gap junctions between SPNs were examined by delivering hyperpolarizing current injections (200 ms, P3-6: -20 pA, P9-12: -100 pA and P21+: -200 pA) to each patched SPN sequentially, whilst simultaneously recording the membrane voltage of the other SPNs. Local SPN inhibitory synaptic connectivity was examined by delivering brief (~60 ms) suprathreshold current injections (P3-6: +50 pA, P9-12: +150 pA and P21+: +400 pA) or brief trains of current injections (6 pulses, 30 ms, P3-6: +80 pA, P9-12: +200 pA and P21+: +500 pA at 20 Hz) to each patched SPN sequentially, whilst simultaneously recording the membrane voltage of the other SPNs. These protocols were repeated 20-30 times.
Analysis of recordings Data were analyzed offline using custom written programs in Igor Pro (Wavemetrics, RRID:SCR_000325). The input resistance was calculated from the observed membrane potential change after hyperpolarizing the membrane potential with a set current injection. The spike threshold was the membrane voltage at which the SPN generated an action potential. mEPSCs and mIPSCs were detected as downward and upward deflections of more than 2 standard deviations (SD) above baseline and more than 10 ms duration in 5 min traces which were lowpass filtered at 50Hz. Evoked EPSCs, EPSPs and IPSPs were defined as upward or downward deflections of more than 2 standard deviations (SD) on average synaptic responses generated after filtering original traces (0.1 Hz high pass filter and 500 Hz low pass filter) and averaging over all traces and used for analysis of synaptic properties (peak amplitude, duration, rise time (between 20% and 80% from peak) and decay time). The short-Statistics All data are presented as means ± SEM. Statistical tests were all two-tailed and performed using SPSS 17.0 (IBM SPSS statistics, RRID:SCR_002865) or GraphPad Prism version 5.0 (GraphPad software, RRID:SCR_002798). Synaptic connectivity ratios were compared with Fisher's Exact test. Continuous data were assessed for normality and appropriate parametric (ANOVA, paired t-test and unpaired t-test) or non-parametric Mann-Whitney U statistical tests were applied (* p<0.05, ** p<0.01, *** p<0.001). 
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